We analyze coherent anti-Stokes Raman scattering in thin-film dielectric waveguides. Extraordinarily large signal levels are predicted, and two applications of this phenomenon are discussed. The field enhancements that are due to shape-dependent local plasma resonances (SER's) 6 or to surface plasmons [by means of coherent anti-Stokes Raman spectroscopy (CARS)] 7 have also been used to probe the Raman spectra of molecules on metal surfaces and in media above a metal film. In dielectric films, both spontaneous and resonantly enhanced 8 Raman scattering has been reported with sensitivities approaching a few monolayers. In this Letter we analyze CARS in thin-film dielectric waveguides. Extraordinarily large signal levels are predicted, and we discuss two promising applications of this phenomenon, namely, to thin-film diagnostics and to the study of monolayers.
Large optical field enhancements can be obtained in films and at surfaces by coupling externally incident radiation fields to local geometrical resonances or to traveling waves guided by surfaces. Based on this approach, efficient second-harmonic generation,' parametric mixing, 2 and real-time signal processing 3 have all been demonstrated in thin-film waveguides as well as with surface plasmon waves guided by metal films. 4 ' 5 The field enhancements that are due to shape-dependent local plasma resonances (SER's) 6 or to surface plasmons [by means of coherent anti-Stokes Raman spectroscopy (CARS)] 7 have also been used to probe the Raman spectra of molecules on metal surfaces and in media above a metal film. In dielectric films, both spontaneous and resonantly enhanced 8 Raman scattering has been reported with sensitivities approaching a few monolayers. In this Letter we analyze CARS in thin-film dielectric waveguides. Extraordinarily large signal levels are predicted, and we discuss two promising applications of this phenomenon, namely, to thin-film diagnostics and to the study of monolayers.
The thin-film geometry considered is shown in Fig.  1 . A dielectric film of refractive index nrf and thickness h is deposited upon a substrate of index n,. The upper (cladding) medium has a refractive index n<, and, in one of the cases considered here, there is also a monolayer of thickness d on top of the film. Waves guided by the film (along the x axis) can be either TE (E jly) or TM (H IIy) polarized. We restrict ourselves to the simplest case of strictly TE modes. The corresponding field distributions for a wave of frequency wi are
where the cladding is given by
the film by
and the substrate by so that jai (x) 12 is the guided-wave power in watts per meter of wave front (along the y axis). In the monolayer case, dKi << 1, Sid << 1, and Pi << 1, and the fields are given by Eq. (1) with fi (0) = 1. Such guided-wave modes can propagate centimeter distances with power densities comparable with those associated with the bulk material from which the films are prepared. 9 In the CARS process, two beams of frequency w, and w 2 (W1 > 02) are coupled into the thin-film waveguide, as indicated in Fig. 1 . When the two beams overlap, a nonlinear polarization of the form
= 20,-02 (6) is generated in all three media, where X( 3) #d 0. Substituting the individual fields into Eq. (6), and assuming that Xjyyy (3) = 6 jy XyyyY (3) ,
where r~l is chosen to be parallel to 2/3 -#2-The angle between IN and #2 is adjusted (typically a few degrees in our case) so that I3 = 2t,.
-12 corresponds to a guided wave of frequency W3. This is the phasematching condition that must be satisfied to obtain large signals. When coupled mode theory is applied,
where Xb (3) is a background electronic term present in all three media and the Xrp (3) are contributions that are due to Raman-active vibrational transitions in the molecules that constitute the waveguiding media. Therefore, when the difference frequency a1 -W 2 is tuned through a vibrational resonance frequency wc, the signal is resonantly enhanced.
We now evaluate Eqs. (1)- (11) for two examples that illustrate the large signal levels available from this phenomenon. Assume first that w, -w 2 is tuned near a vibrational resonance in the film and that the background term is small compared with the resonance term.
(If necessary, standard techniques can be used to reduce the background contribution."') Under these conditions,
The integral itself depends strongly on the details of the incident and guided waves. In order to obtain specific values, we assume that n, = 1, n, = 1.46 (fused silica), n/ = 1.60 (polystyrene), and Xr( 3 )r c 10-12 esu (benzene ring stretch)."
We also choose L = 1 cm.
The numerical results are plotted in Fig. 2 
Clearly, the CARS amplitude is governed by F, which in turn depends on the details of the guided-wave field distributions.
In an experiment it is the signal power that is of interest. Expressing the results in terms of the total power in each guided-wave beam of width H, and as- 
In general, 2) 2) converted into the CARS signal (short-dashed line). background. The modes used wvere TE2(-Wl), TEI(W2), and TE2(W3); or TM2(ol-), TMI(w2), and TM2(ws).
(15-nsec pulses in the visible; H = 5 mm) of less than 0.1 mJ are sufficient to produce power densities of 200 MW/cm 2 in the film. At this power level, >5% of the incident energy is converted into the resonantly enhanced spectroscopic beam. These remarkable signal levels should make this Raman technique a valuable tool for identifying and quantifying species inside thin films. For example, impurity levels of parts per million can be detected, provided that the background term can be effectively eliminated. 10 As a second example, we consider a single monolayer deposited on a thin-film waveguide. Since d (monolayer thickness) << h (film thickness), one might expect that the monolayer signal (even resonantly enhanced) would be swamped by the background signal from the film. However, because CARS is a coherent process, and because the field distributions for higher-order guided-wave modes have positive-and negative-field regions (Fig. 1) , the film contribution [given by Eq. (9)] can be minimized by means of interference effects. In fact, by choosing either the W2 or the C03 beam to be antisymmetric (odd number of nodes in Fig. 1 and 0.56-gm (dye-laser) pulses of 5-mm width. The power density at the surface is fixed at 100 MW/cm 2 , which should avoid blowing the molecules off the surface. Shown in Fig. 3 are the signal levels for both TEand TM-polarized input and signal beams. There are film-thickness ranges over which the background contribution is completely eliminated, leaving only the monolayer signal. Furthermore, the absolute signal levels are large, even when compared with SERS, 6 which requires roughened metal surfaces. The input energies required (0.14 mJ for TE and 0.50 mJ for TM at h = 0.8 Agi) are small and are easily available from pulsed lasers. These results indicate that CARS in thin-film waveguides should prove to be a valuable tool in studying surface phenomena on a monolayer scale. In summary, we have analyzed the CARS phenomenon on and in thin-film waveguides. Detailed numerical calculations indicate high signal levels, and applications to thin-film diagnostics and monolayer studies all appear feasible.
